

I 

1 



I lacoond cxfeptodeBt 



Data analysis / 

Geco^k dsita. -wers analysed foe IhJogcc&og the KPL icare of GeoeHuirter yZO, Dati 
from i?rile»g » (DseqldHbRUOl UMpffag of CD" wen enafystd'irdtx&f with tke ttstssniisitoii 
(BscquSibriun tut? using i stogfe^jia-CaiiB afficted aad both parent*) per frmflf. ' 
SgbJCqaemlT; the-pedigrec dkcqcSj&nnm tut performed using the PUT 2J] 
program* to anafyse data from all ijmity rtkdrej. climated dtlcie foqnrnrifa fiw 3 
groaps, iWinirebiid CD pstiecti,.i$9 ulcerative colitis patients and 109 controls 

QiciDbtn).' • •— v — * *— -* ■*■ ~ 

Rcqfrcdg ftbffirr, tcepttd 50 MntfaaOOL. 

S1-«b (YftEam* Wilkin. BxKmm 19*53. 

2, Bogot. E BtZootfl. R, te»yy.l & Tbcotfa. C Eanlogy af the kfbi m i r y bo*d j. 

Cbfcrerttfift. 14, 2-9 (1999), 

521-523 (jStf). 

4. Okvcsen, ML<L dal Aiial^c^cif^-Rad^ot^p^t^maTpbiifnj in tht krccrUukLi-t receptor ^csc 
far UKBtiod irlth Wkmrataiy bowd <&tra form*******'* 51. 1*7 (JflQQ). 



5. Ki^t, J. P.cf aL Muittton Kraenisf ia tfce CD19 «ci CD43 (cWcpfcarfn} &am in Crate Discwc 

pctknU. Outtwttma/ip 11<S, A743 (1999}* 
0. ZawH. H. «f*T- fefiiLed rfcappc^ of the tnSuamztafy bowl <3t«*» I put^Ear. JL Hum. Gtmt 

(submittal). 

7. Spiclrnui, Hi* McClant*, R- E-JrEttens, W.^lftramiaaaj] te*( for ini^ dicqpifibriuin: tkc 
buuik pae ngian *nd insatia-dqicodaitdbbctcs adHtu (IDDWV JL ffinn. Govt, 53, 506- 
516(1993). 

8. MMt^t^Monb.aA^Ww^LLArKi^^ 

pedigree? flu pedign* dfsnquEBbrittm test. -Ant I Emu Cam. 67, 142-154 (2000). 

tepegnfaaaBiljrsa of a bnu^<tudrm& 265 patkrtll wiihCwbn i £*e*tt tnd 53*7rdtatrvts.Am. /. 
MaiGwd. 31, 105-108 (IS©). 

SS9(sippL),7-Ctt«0!3. 

11. Oriufao.U.ctAl fomrigHlna of inheritance ofduunfcb&mri^O^ bflwd^fla^by ajmpLra 
(egnajrtn ana^L fit Ucrf. J> 306; 20-24 (1993*. 

12, Gota^j.E4«£Cfiiiie4dmia^<oVaorCtQ^ 

KpBcatxm in cotnfkx <fljc**e tfanni^i BmljsBafahB^D pwfbddtttfccCiolui dBsaseittit 
d umumu i ut 16. A*. A, Hum. Govt fit. UfiS-117] {2090. 

14. ^CJ»Ytf^ Wod2.»KpdiyApd-l<Meliy nacnbcrthiil a rati kiri 
la /. SW CXon. 45d, 4&12^tBIS QOOl). 

15. Qgam, Y» Oittt* E £»Mb&b, K ScKaAez, & Human Nodi confatrapaaftosct* to 
btotttU ltpepdp*othiri<*M A »al aim. 27^ <2Q0il. 

11 Inohan,R mal Nod 1* xa Apa^l-fikcfctlntor of cm p ue-9 and andetr Qctcr US. Z. Wet CA«m. 374, 

aaivata NF4B.JL BraL C*eK2>V 1295S^L29S* CUW). 
14. hwbm, N. a mL Aa induced pfaiwatrmodd ftf W^tt <^iwkjo k the Nbdl/WOC iDdllP 

19, roltenkA. <r dL Deftrtin: LPS cpcifing in OEffkT«&d C578l/I0ScCf iniKOjniaiimu'in'Ilrf 
Cmr iMawaffi»2085^aQW Q9Mfl. 

20. Svodbo^I £,^ioa, C-Ok, R«flpgn t 'H A TPAmmnft £ H. 5paBtaaoau^heritabkcoihiEhis«ir 
nb«nlo of QHTHd in CntrM***)*? 1726-1755 (1994). 

2LMclC3r,0iM.Iateti^liDlijn«o«dbo 509-516 

SbaxocticRdE WtfMrtftf of NF^#ctMrKibt> o^i induction a/ IxB «raihe& S^«wa3D > 2S&- 
W)<l«m 

ter AlCE*. btmt lia-1 174 (1999X 
taaoytiMaylodgp ch/ o a >o io me^7indI2.y^ 
Gbrrt fi, t^-1655 CI957), 

Ch<ldQ!»TriAfa6 m uiiMti uy b v w fl dbgaa^ Hwtv Cw*t K2S-1452 {2060).^ „ .. <:; . 



W^ada»iiei%c pofieets and tkdr 6mi!i^.k^'&SlC E^iir/KainteKiit doctmr 
y ^iltmarB: Bonaz. Y Bonhnib Oi C»(flot.^i^cAiffTi; B. Oram yj. 1 J, Pekhigr, 
B: Dodof^ I L Dap** I E Gahnlcftr, Gcndre, Goffimv C&iimB, a Hcmt>Kb,- 
A.IaduBXr & Untruth C laucxU, fi. Lenboimty. Levy, &L&$ctg» K. M*ldwwi :> 
KJIfaTtet^ A. Maxs£» C MbtDC^ & Pen, A. Kotabex^g, r. Rowsetc, X Schmitz, • 
F. ShBraW, L Sobh*nt H. 3vauc«a, A. Vm Gossu^M^^WbdcHtAdM. Vtyrvc 
far vsktoT** vw«g gnrtcfol to )■ C rkffidoin, E Chareyre, C GlfiiUffffft. X Hung Bad; 
M. Legrmd, A. Mwrmitri; A. Maalfal, C dc Hfcrnoa. RlWMdm.VfelhankH.Caim for 
oxtictttjr rM iiirg die nwtiWrtpt Thif prefect r«jeiwl tup port from Exaopean 
Community MENBX INSERM, Dcvctioa Gcoenalr la S2at£. Auodsrticu Pntcpns 
Anpttfc IRMAD tnd the Swfeh Sorffty of MedkuK. 

Cotrespondcncc and requeitt for nm t cr i g U <bculd be addressed ts G-T. 
(e-mail: thomu&cephKir). 



Afhuneshift imitation in N0D2 
associated with susceptibility 
to Crohn's disease 

Yaaumrf Q^ara^t, Oealse fL 0onsi4t, Raoalno hMtiafa^, 
DBS L ■icoias$ r Felicia F» Cb9a* t Richard Rwtst f HeU BrfRon^ 
Taooiaa Horant, Bob Karallaskas^ Hbaanl H. Dnrnl, 
Jawt-Pad Achkarf, Steven R. Brants, Tftewtomnl Baytess^ 
Bartara 8. Qraehavr 4 . Stephen B. HauiMr*, Gatefel MiHer tt 
&JudyKaom 

* Department of P&kelcgy and Comprehensive Cancer Center, Tlit University cf 
Michigan Medical Sdwol Arm Arbor, Micht&m 4&109, USA 
t The Martin Boycr Lahgrdtones^ Gastroenterology Section, Department of 
Medicitu, The Vmnrsityef Chicago Hospitals, CWa^ Ittmois 60637, USA 
$ Depcfimsnt cf Statistics, and * Department afpedtanics, University of Ckiaagb 
Qatxgii Whufc 6Q637> USA 

I Department qfMetKttrte and Center for Genomic Sciences* University of 
Pittsburgh, Pittsburgh, Peamyhania 25260, USA 

5 Department ofQutroenterohgy, The Cleveland Cttnic foundation, OeYeiand, 
Ohw44195 ) USA 

*Tke Harvey M. vndLynP. Meycrhoff Inflammatory Bowel Disease Censer, 

DeparmerttfMet&dne, The Johns Hopkins University School af Medicine, 

Baltimore, Maryland 21205, USA 

t These authors contributed etpudfy to tfewwart 

tf These authors share senior authot&ip 



Crohn's disease is a chronic inflammatory disordc of the gastro- 
intestinal tract, whkh is thought to result from the effect of 
envinmmortal factors, in a grai^a fly predisposed host A gexse 
locarioiL tn the peri cmlroiu tric region of chronKMome 1$, JBD2 t 
that contrSrates to susceptibility to Crohn's disease has been 
w rt a Mfoftwl through multiple linkage studies", but the specific 
gene(s) has not been Identified. NQD2, a gene that encodes a 
protein withhomologyto plant disease resistance geneproducts is 
located in the peak region of linkage on chiomoaame 16 (re£ 7). 
Here we sha% by using the transmission dlseqoiKhiasL test and 
:J case-cantrol analyds, that a firameshift mutation cansed by & 
cytoaine insertion, 3Q2QmsC» which is expected to encode a 
truncated NOD2 protein* associated v^th- CrolmTa disease. 
Wild-type NOD2 activates nuclear factor Nr^idB; ^ntaloiuj it 
responnreto bacudal Hrx»polysacdiari(le^iio¥^^ 
tion ws deficient in mutant NOD2* These ixsiihs ins^mXeNOp^ 
insttsceptibaityto Crohtf^disffasr.and suggcst^ihnfc between an 
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uicri3e Crohn's disease (CD) and ulcerative colitis, &tc chronic 
disorders of the ga$tromtestiflalt^wi& xakps^'^^q^tn^- 
with a comhtofld jjjtgpl^. of abort 150-200 casc^^ 
western •cbtm'tric^? ! ^S£ot^i the" aetiology- of IBlJi'raikiJO^.aLn - 
abnormal inflammatory response- directed agsirisfcent^c\miccc*- 
fiora in a genetically susceptible host has been proposed" PamiKfll 
dustering" of disease andgtndies oftwins strong suggest that-IBD, 
and in particular CD, is a generic disorder". Genome-wide searches? • 
for IBD^cepuViHty genes have resulted in the- identification of 
several led for CD and/or ulcerative colitis* mast notably for CD, in 
the periceiitromerk region of chromosome 16 {IBD1 ) w . 

NOD2 has structural homology with both thtapoptosis regula- 
tors Apaf-I/Ced-4 and a class of plant disease resistant (R) gene 
products 7 . Like the Utter gene products, NODZ comprises an 
amino- termi nal effector domain, a nucleotidc-binding Aamnin 
and leudne-rich repeats (IRRs) (n£ 7). NOD2 has-been mapped 
to chromosome 16ql2 (re£ 7) and is tightly linked to markers 
D16S3396, D16S416 and D16S419 (Kg. la)— a site that precisely 
overlaps with I BDl (re£ 1 ). Given the genomic localization and the 
role of NOD proteins in recognizing bacterial components" we 
thought that NCD2 might function as a susceptibility gene for CD. 

The 12«exort genomic organization of the NOD2 gene was 
detennined by aligning the complementary DNA sequence 
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dn^Km-pji^ linkage scores at 

Di&3cWr%^ a 
^gBgtto k. : was- c&seiveuiiri own- IX- at nndeotide 3020 
l^"dMu^^(^/lb):' 3p20iDsC^xe£ulted' in a fxameshift at the 
Wanotnu^l^ lb), and a LeulOOT^Pro 

subttrmtion-in the tenth LRR. followed by a premature stop codon 
(Kg- Ic). The predicted truncated NOD2 protein contained 1,007 
amiao r aridr : instead of the 1,040 amino adds of the wild-type 
NODapioW(r%ld). 

We used an aflek^spedfk polymerase chain reaction (FCR) assay 
(Pig. 2) to type 3020insC in EBD families and case controls. 
Analysing only one GD patient per independent family, we observed 
preferenti^^trirismission (Table 1) from heterozygous parents to 
affected children of 3Q2QinsC (39 tnmsrnissicms and 17 non- 
transmissions; P = 0.0045). Analysing all independent nuclear 
iarnflies by sib-TDT (r^/larmiedjtarifbrA 
html), the empirical P value was similar, P = 0.0007. As expected 
from linkage studies 2 ^, no preferential transmission of 3020insC 
was observed among families with ulcerative colitis (data not 
shown). As 365 of the 416 independent CD families have several 
affected individuals, the applicability of these associations to the 
more common, sporadic cases requires further study. 
Additional support for association to CD was provided by case- 
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omtral analysis, in which* using one CD individual per independent 
family, the 3020insC allele frequency among all CD groups was 8J2% 
(Table 2). The allele frequencies of 5020insC were comparable 
among Jcvnth (8,4%) and non-Jewish Caucasians (&,1%). Among 
case controls (l^ble 2)> the allele frequency in four- separate 
Caucasian cohorts of 4.0% was significantly lower than in CD 
patients (P = 0X02$, by large-sample approximations to a two^ 
sample binomial test}. The allele frequency of the 3020msC among 
132 unrelated ulcerative colitis patients was 3.0%, and was signifi- 
cantly lower than the frequency among CD patients (P = 0.0010). 
The genotype frequencies of 3020msC in unrelated CD individuals 
were 11 homczygotes, 46 heterozygotes and 359 wild-type homo- 
zygotes. 

Among case controls, there were 23 heterozygous individuals, 
with the remaining being wild-type homozygous. The genotype- 
relative risk (GRR) for heterozygous and homozygous 3020insC was 
1.5 and 17.6, respectively, as compared with wild-type controls. 
Given its frequency, 3020insC is unlikely to account completely for 
the observed evidence of linkage at JBD1, and other variants of 
NOD2 may confer additional disease risk. For example, two single- 
nucleotide polymorphisms in NOD2 have been identified, 27220— ► 
C (Qy9C8Arg) and 2104C— T (Arg702Trp), which are highly asso- 
ciated with CD by the transmission ajsequiUbrmm test (data not 
shown).- Furthermore, other susceptibility genes might also be 
present in this broad region 1 "* of linkage on chromosome 1 $. 

NOD2 has been shown to activate NF-kB and to confer respon- 
siveness to bacterial lipopdysaccharides 7,12 . To test the ability of 
wild-type and mutant NOD2 to activate NF-kB, human embryonic 
kidney (HEK) 293T ceBs were transiently co-trarafected with wild- 
type Of 3020insC plasmids and anNF-icB r ep oi tm construct In the 
absence of Epopolysaccharide (IPS), expression of both wild-type 
and mutant NOD2 induced activation ofNF-nB (Fig. 3a). Notably, 
equivalent levels of wild-type and mutant NOD2 protein expression 
(as assessed by inimunoblotojig of total tysates) resulted in similar 
levels of NF-kB activation (Big. 3a). 
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F^re2Det2ontoafoncttran5m^^ 

SDedflc PGR Muffipfex PCR ras iced to gsnecate a nortSpecffiC 533-bp product, along 
wtflt &Q9td-sp6c9lG nmnfloQRs: 31 d-ip froomsnl (ivfU %fl34 &nd a 21 4-np fragment 
p020fa$£J. to this famft, both parents (jansa 1 and 4) amhctefflygmt^aoatHnsC, 
*tete33 both chftJren (tanaa2 end3) teva CD airfare homaggous for 3Q20iraC, Lare 
5, wfcKfype controJ; tans 6, pBR322 DMA Mgpl marK9rs..Nuriim<}n-tn&rf^ indicate 
IhesizB of fragments.. # :.^?..;r. w.t^/v.**:- 



for ar^fcorwCOpefl^ufci aeteeagrww 4tB l l A^Mrdant flamfe*. tn tftffenenos En eMfc 
frequency between CD pafiant • and. o or i^ji -^a . a(gnCJQart ff> c 0.0018, by tttajas& tarrpa 
a pp i m ii iifiur otoftt^$flmpifll)frxrTMt^ •' . " 



Like KOD2^cytosouc plant: disease resistant proteins have cax- 
boxy-termiBal JLRRS that axe critical for the recognition of pathogen 
components and induction of pathogen-specific responses^" 15 . We 
therefore wmpaied: the .ability of wild-type and mutant NOD2 
proteins to induce NF-kB activity in response to LPS. Because 
overexpression ofNOD2 induces potent NF-kB activation (Kg. 3a), 
we transfeded the cells with low amounts of wild- type and mutant 
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figure 3 Differential rasponsfoenes* of wild-type and mutant N002 to LPS. a, FB293T 
eels were co-transfactad htripfcatewlth the iodfcBtedanwuntsoff pcONA3 (rccta), wad- 
type pcONA3-NQD2< or pcWA3-N0P2 TOKnsC and p?405-p -gal and pBU-tuc 
reporter plaamnis. Values represent means ± xd.Bq^s^c*w2c4^ ami mutant 
NQ02 prated h call exacts ts s^ 

trtpfcatevtfh03rtg of pc0HA3-NCm, 3ng of pcDN«^B23a2Qh<3ng of 

pcONA^TLMpte3r$ofpcDT^-^ 

pEF*OSH^aTidpBJQYtetto 

constructs tmfcjced slnto 

a& rare treated wtftlOp^nr 1 ^ 

■ means Hearts araiBpraaan^ •'• 
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basal NmcB activity (Eg.. 3a)~ IKS from vad^^ ct^^^^ fed^; 
NF-'^ariivatic^^ 

ce&translectedHMcd^^ ■ " 7~~7*- ta *?i? ■ 

^ igriTficafiriy , tte-Aitiyof mnfamf NOD2to confix responsffi 
ness to T v^'gF^^tmmtA^^wrhgn compared wittr ^4>t7pV= 
NOD2 ffigi 3b)l'Drfl»ential ngnlatibii of NOD2 fimclioii.brp; LPS • 
from different bacteria was. observed (Fig. 3b), j&ejaa all" IPS" 
preparations induced NFhcB activation comparably ia cdk trans^ 
feeted with Toll-like rcceptor-4 (TLR.-4), a edksurfeee receptor for 
IPS". 

The Innate immune system regulates the immediate response to 
microbial pathogens and is imfi**** by recognition of specific 
pathogen components by receptors in host immune cells". NODI 
and NOD2 seem to fraction as intraceUnlar receptors for LPS with 
the LRRs required for responsiveness 12 . We have shown here that 
tamartion of the tenth LRR of NOD2 is associated wth CD. 
Consistent with earlier linkage studies 3 ?,, this variant is associated 
solely with CD, and not with ukeratiYC colitis. Functional analyses 
indicate that the disease-associated NOD2 variant is sigmficantly 
less active than the wild-type protein in con&rrmg respoosrveness 
to bacterial LPS. In plant NOD2 homobgnes, the LRRs determine 
the specificity fox pathogen products and alterations in LRRs can 
result in unresponsiveness to particular pathogens 1 *"" 15 . Similarly; 
genetic variation m the LRRs of TLR4 account for inter-individual 
differences in bronchial responsiveness to aerosolized IPS 17 . 

Several mechanisms can be envisaged to account for susceptibility 
to CD in individuals carrying this variant NOD2 is a cytosolic 
protein whose expression is restricted to monocytes, with no 
expression detected in lymphocytes'. A deficit in sensing bacteria 
in monocytes/macrophages might result in an exaggerated inflam- 
matory response by the adaptive immune system. A related possi- 
bility is that wild-type NOD2 may mediate the induction of 
cytokines such as intcrleuMn-10 that can downregufote the inflam- 
matory response 1 ^ Finally, variation in the LRRs of plant NOD2 
homologues can result in recognition of. new specificities for 
pathogen oimponents aM . Thus, it is also possible "mat NOD2 
variants might act as gain-of-mnction alleles for unknown patho- 
gens. Our studies implicate NOD2 in susceptibility to CD* and 
suggest a link between an innate response to bacterial components 
and development of disease. □ 

Methods 
BOfamlbs 

DBDfamfliavc* ttortimed for tickagBand auodation studies U&KtedcHd vrfth both 
pucsts) Through the University o£ Chicago, the Johns Boptrfw Hospital and the 
UefretajtyafPtobtttp^lniflegy 

obtained* tad the stud? protocol was appeared by The individual instihitioiial renew 
board*. 

AHde-qttclflc PGR 

Vfe used primer* frasffing i$33*bi»e*pw* region mrrroodfag the 3C201esC allele to 
amplify genomic DNA tsnlatcd 6rai <oafic&b and patients by PCR (sense, 5*- 
CTGAQC L'n 'l U l TG AXGAGC-3'; antfaeoae. 5'-TCTTCAACCAC<ITXXXjaT-30. In 

type tMc (scue, ?- CAGAACjCCCTCXraaGGCOCT^l and mother primer 
denned tfl deject the 302fliaaC e&eic (mntiatiac* 5 r -CGCGTCTCAi ivj^x i iCJJ 
GGGGC-3'). The 302QinsC was amfinned by DNA sapenang. We per&nnod multiplex 
PCS wnhafl four pric^kocttnhcFC^produ^ w gttad*i)edciDZ^«g»roicBdsaad 
wualited wfcth ethldhna bromide. 

; Dataanarjsis 

! (SnO^OOO rcpficatea) yttn done tiring 6e rifr-TpTtaftwait (ftpV/tahmtd.tf nnfrndgcta/ 
pohfiiycjrfhTftrT html) to takplatc qnparki^pfobtbffiti» fer tfcg.TOT jt* tfat&k vfaea 
• al H a dtp cndeiil -nuclear, fiafl ki Tfci c cowrioL This ctlcnfatioo-wtt done by pemniting 
g-^hSc^grfrg ftrrffT) status of dhBa^widna K fiunJf. We esthmttd the 




of the 3020ifiiC homozygate 
t^iaTCf'ral^theCSKi cm 



; T>e djwsMbh pffiS^ p*DHA**(OD2, pd>NA3-UR4 tbd pd>NA3-MD-2 h** been 
deacrfbcd*^Ily>r^ttt)n pUtmtd prodacigfe the NOP2A33 mutant (30g&pC) waa 
y . nua^d ^?<SK4fld : doc td into pcDKA^Iiwitroflgi), and < u i din tin! by DNA 

:ae^iflttKi^Tib^^ 

imrroaoblottii^ t&ntfftu&d nttst eattNOM antibody as desaibcd'.To 
t^^i^i^^^iemiaas^. lettxmbiflJnT NODS protein (residua 38-901) In 
SfaMifl «tT*&wxHUl(DE3) tiibg the pHX-Ma wcto* (Hwajaw). fiecoodmuot 

(Novigci^'AQd injectod into-cabbta*, 

«l^fl^«trt(r assay 

^ cirricd cat NF^B'activitum «±mts t> describe^-". Briefly, HEK2$5T ails wtrc co- 
trass&oted irith Ufcg of tberepoetor constrnd pBVMnc, the indicated amounts of each 
expi«tttopkamidiiM*l20iigofpE^^ 

LPS^- 13 : LPS from vanouj wucoes were obtained from c^fnra seyfa^hrrtst^atOTR 

icthrity w» incatti^ tf descrlbed 7 ^^ 
widi values obtaiiied wA pEF-BCS-^-gaL 

fetched IS J km«y('aacf<od>0 Wmh 2001. 

421-S23<I99S}. , 
1. J, n^»id -^iw>yirfW?lty tncMfnrfafiiimrMloiybtmd dkc«e on Arffltao*oifl< 161uB>ro(e 

ia Crohs^discs^Wtnet hi ideeatte ocdll£s. Kun. 2Al Omec 5, (OTfi). 

nqipoct»Babc««»<fawe«emB 12 and IS. (?iano£c»okyy 115, 1064- LOT 10995). 
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5. C^ LH.«^ IdjecilSa^a</aand unccpiibaicy[» 
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